This paper studies the constraints on the mixing of a possible fourth family of quarks. A mixing angle convention is introduced in which sij -sin 8ij represents to a good approximation the ij element of the quark mixing matrix (; < j). A range of parameters is found, ~14 < 0.06, ~24 < 0.1; s14s24 -O(10V4 -10A3) and/or ~14~34 2 O(10m2), f or which the contribution of the fourth family to the KL -KS mass difference is negligible yet may lead to dominant effects in the K" -K' CP impurity parameter 6. This may be realized in a scheme in which the four quark generations are mixed mostly in pairs. A possible signature of such a scheme may be an abundant rate of same-sign dileptons at Y(4S) if the fourth up-type quark is sufficiently heavy.
Introduction
The standard SU(3) x SU(2) x U(1) six quark model of the strong, weak and electromagnetic interactions describes all charged current weak interaction phenomena in terms of a 3 x 3 unitary matrix which represents the mixing between the quark mass eigenstates and the weak interaction eigenstates. The mixing matrix is parametrized in terms of three angles and a phase, conventionally known as the Kobayashi-Maskawal (K-M) angles 6;(i = 1,2,3) and phase 6. While accurate measurements of one of the mixing angles 81 (the Cabibbo angle) have existed for quite a few years, the other two angles were first measured about a year ago. 2'3 These angles 02 and 63 while not very accurately known at present, are considerably smaller than 81, thereby giving rise to a relatively large B meson lifetime and to quite a small semileptonic decay branching ratio of B into uncharmed hadrons. The phase 6 is supposed to be responsible for the CP violation observed in the K" -K' system. In the standard calculation of the CP-impurity parameter c,4 based on the short distance dominated box diagram, it is found to be proportional to sin& sin& sin 6 and to a growing function of the t quark mass. It was pointed out some time ago5 that to account for the measured value of e sufficiently small values of 62 and 03 would require large values of mt. Very recently a few events were reported by the UAl group at CERN,' which may be the first indication for the existence of a t quark in the mass range 30 ..-
The purpose of this paper is to study the implications of the existence of a fourth generation on the quark mixing matrix and on the related phenomena.'-"
At first sight it seems that with the proliferation of the number of quark mixing
angles and phases such a study would contain too many arbitrary parameters to be useful. We will in fact show that there exists a physically intuitive way to define an extension of the quark mixing matrix to four generations, such that the information gathered within the three generation model about the corresponding . _ :* 1 mixing angles would not be lost. Our arguments will be based on the unitarity of the mixing matrix and on the calculation of the KL -KS mass difference. Then, since one of the motivations of this work is to anticipate a potential problem with explaining the value of c in the three generation model, we will seek a range of mixing parameters in the four generation model which may resolve this problem if it does occur. Whereas this search will be purely phenomenological we will also study a few typical forms of the N = 4 mixing matrix obtained by extrapolation from the measured elements of the N = 3 matrix.
The paper is organized as follows. In Section 2 we introduce a convention for the quark mixing matrix for any N and derive expressions for the matrix elements in the N = 4 case. The values of the mixing angles within the first three generations and certain bounds on the mixing of the fourth generation with-the first two are derived in Section 3. For the latter we use the unitarity of the mixing matrix and the KL -KS mass difference. In Section 4 we obtain further constraints on the latter mixing angles based on the measured value of E. We point out the range of values of these parameters which are required to make the fourth generation the dominant source of CP violation in the K" -3 system. Some remarks are added about the effect of the fourth generation on the value of c', which is a measure of the direct CP violation in K" + 27r. The effect of a fourth generation on B" -$ mixing is studied in Section 5. Section 6 describes a few hierarchy schemes of the four generation mixing parameters which we regard as plausible extrapolations of the N = 3 mixing matrix. Finally Section 7 contains a brief summary of our results.
The quark mixing matrix
The hadronic charged current weak Lagrangian for N generations is N L = 3 sg Wz C UijaLiTpdLj + h-c. 
P-6)
Here the abbreviations cij = cosdij, sij = sin8ij were used and the two phases For N = 4 the mixing matrix is defined as u = (w34~24~14)(w23w12w13) .
P-7)
6
In addition to 4 12 and 42s also 4s~ will be chosen to vanish, thus leaving us with three independent CP violating phases. At this point we wish to note that another convention 412 = 423 = #r3 = 0, which would eliminate the CP phases from the first three generations, may be easily shown not to be consistent with Eq. (2.5). As will be shown in the next section all the angles 8ij except 634 must be small, and the approximation cos 8u w 1 will be applied to them. One finds: The advantage of our convention is made obvious by the observation that the sines of the six mixing angles 6ij are good approximations to the corresponding measured matrix elements Uij (i < j).
Here (t', b') d enotes the fourth doublet of quarks. The result U,.b N ~23 follows a-from the small measured ratio of iU&/UCbI < 1. Using as the lowest possible value for these parameters a lo value, one may derive from the unitarity of the mixing matrix a limit on Uuiy i > 2.
An almost order of magnitude stronger upper bound for one of the mixing pa- that the existence of very heavy quarks (mu >> 1 GeV) should not affect the kaon system except for CP violation which is supposed to owe its existence to N > 2 quarks. It then follows that the masses of such quarks and their mixing to the light quarks must be correlated in a manner which gives rise to negligible contributions to AMK. In fact with Eqs. (3.3) and (3.4) it turns out that as long as say mt < Mw the t quark contribution lies two orders of magnitude below the measured value of AMK. We will assume that the above conjecture applies also to the t' contribution, depending somewhat on mt I. We therefore conclude that if 634 is not too large
We checked that requiring the smallness of all other si4 contributions to AMK, including those of the t quark, the tt' and the ct' diagrams, does not lead to any further constraint on si4 beyond Eqs. (3.5) and (3.11) . No constraint may be obtained for 534 which in principle may be even larger than ~12.
Constraints on s;4 from CP violation
The two parameters E and c' which describe system are given by Eq. -(4.5) impose lower bounds on the function E(xt, xt). Since this function is increasing with mt one may use this to derive lower bounds on this mass. 32 To illustrate this point let us note that in the angle-and-phase convention introduced in Section 2 one obtains in the three generation model, using Eqs. What do these considerations imply for the mixing of a possible fourth family of quarks if it exists? Disregarding the unlikely possibility that the t' terms in Eq. 1. The present upper limit on uUb is considerably reduced (or a more precise value is measured for rB well above lo-l2 set). still consistent with zero, seems to favor a negative value. It is straightforward to
show that within an extension to four families, in which c is dominated by the t' contribution, the sign of et/e will be the same as in the three generation model.
Constraints from B" -Bo Mixing
In analogy with Eq. where we omit terms of order 10m4 or smaller by using Eqs. (3.5) and (3.11) .
As a result of B" -B" mixing one expects same sign dileptons to be emitted in may suggest a few kinds of hierarchy structure in the mixing matrix. Here we extrapolate the structure to the hypothetical fourth generation and study the consequences, with particular attention given to the t' contribution to e. We astart by listing the suggested types of hierarchy. Since our convention has the advantage that IUijl N sij (e' < j) we may use sij directly to characterize the structure of the mixing matrix.
a) The first and most obvious scheme suggested by Eqs. (6.1) was proposed by Wolfenstein: 42
Within this scheme srs lies near its present experimental upper limit as required to account for E in the framework of three generations. The pattern which emerges 1+X-+24-X2--+3+X3--+4 (6.3) leads to the expectations43 534 -x3 S24 -X5 s14 -x6 . In terms of a single parameter (X -0.2) this may be represented by 512 -s34 N x , s13, s23, s14, s24 5 x2 .
(6.10)
In Section 4 we have shown that in order that the t ' quark (rntt 5 150
GeV) make a significant contribution to c one must have either sr4s24 > 10s4 or s14s34 > lo-2. This contribution is seen to be extremely tiny in scheme a) (Eqs. (6.4)) d t-11 an s 1 unnoticeable in the single parameter version of scheme b) (Eq. (6.7) ). If one assumes a large ~34 mixing in the three parameter version of scheme b) (Eqs. (6.9)) the t' contribution to E may be appreciable. Finally in the pair-associated scheme c) (Eqs. (6.10)) the t' may even be the dominant source of CP violation if one assumes 514 to be larger than 513, say ~14 -s23.
As pointed out at the end of Section 5, in such a scheme with a heavy t' (rntr = 150 GeV chosen to illustrate the point) same sign dileptons at T(4S) may be abundant.
Summary
In this paper we studied the restrictions on the mixing of a fourth generation of quarks based mostly on the neutral kaon system. To do so we first introduced a parametrization of the mixing matrix, which may be easily generalized to any number of quark families and which is very convenient for direct mixing angle determination from experiments. A range of mixing angles is found, ~14 < 0.06 s24 < 0.1 s14s24 -o(lo-4 -lo-3) and/or ~14~34 2 0( 10w2), for which the contribution of the hypothetical t' quark to the KL -KS mass difference is negligible, yet the t' may have a large effect on the CP impurity parameter E. Within the few schemes of the mixing matrix that we studied, the one in which the four families are mostly mixed in pairs can lead to a t ' dominated c. This may resolve a potential problem foreseen in the three generation model, which could materialize from future improvements of the mixing angle and mt measurements.
